Background: The placement of an external ventricular drain is one of the most commonly performed neurosurgical procedures, and consequently, is an essential skill to be mastered for neurosurgical trainees. In this paper, we describe the development of a simulation environment to train residents on the acquisition of these skills. In addition, the environment was explored as a safe test-bed for the evaluation of novel techniques and factors that influence performance, particularly in regard to anatomic variations that occur clinically. Methods: Patient-specific simulation of freehand ventriculostomies was provided with an integrated mobile augmented reality (AR) image-guidance system. Patientspecific cases represented a progression of burr-hole selection and ventricle targeting tasks. Seven residents and one expert neurosurgeon completed a number of targeting tasks with and without AR guidance. Novel performance metrics are presented and examined. Results: A strong correlation was found between expert-scored accuracy and subject experience (r = 0.93 with 95% confidence interval [0.90-0.95]), but this effect was not present with AR guidance. There was a significant difference in performance between cases classified by experts as simple compared with complex (P 5 0.05). Expert subjective classification of difficulty was a stronger predictor of the challenge of a case than the chosen anatomic measurements. Conclusion: AR guidance showed slight task time improvement, but this was not significant. Objective measures of geometric accuracy show promise, but require further development.
Introduction
While certain professions have been using virtual reality (VR) for decades to train students, 1 the majority of surgical skills continue to be trained through the Halstedian paradigm, 2 whereby exposure to operative techniques is gained through apprenticeship programmes. In these programmes, trainees learn surgical skills by practicing on live patients. However, providing a virtual environment for junior trainees to learn basic procedures is becoming recognized as essential to increase patient safety and allow for standardized and accessible training. 3 The placement of an external ventricular drain (EVD) is a procedure commonly performed in an emergency setting by junior residents to relieve intracranial pressure from hydrocephalus. 4 The insertion of a drain involves choosing an appropriate burr hole on the skull and guiding a catheter, without neuro-navigation, through the burr hole and intermediate brain matter into a lateral ventricle, in order to drain excess cerebrospinal fluid and relieve intracranial pressure. EVDs are used in various contexts that warrant immediate care, such as traumatic brain injury or acute hydrocephalus, whereas other ventriculostomy procedures, such as shunt placement, are intended for long-term management. 4 Although some cases involve prototypical anatomy that facilitates optimal placement of the catheter, traumatic brain injuries may cause significantly deformed anatomic features such as small or displaced ventricles, 5, 6 thus making accurate placement a difficult task.
Since EVD placement is frequently performed in emergency situations by the bedside, 7 the use of state-of-the-art image-guidance systems is commonly precluded due to immobility of the patient and system, as well as the preparation required. The resident (or practicing surgeon) must review orthogonal slices of the patient's brain acquired from preoperative imaging (commonly axial computed tomography [CT] scans) to formulate a mental representation that would allow them to specify a trajectory to the ventricle relative to the skull of the patient, and based on known anatomic landmarks (eyes, ears, etc.) and their estimation of the 3D localization of the ventricles. Ultimately, the procedure is complex and requires sufficient manual dexterity, spatial processing, and repeated practice. This complexity is compounded by the large variation of anatomic features seen among patients, motivating the need for the development of diverse training scenarios.
Moreover, the insertion of an EVD is generally performed free-hand and without image guidance, which may contribute to the relatively high rate of malplacement. 8 Although free-hand ventriculostomy is a common neurosurgical procedure and generally considered safe, numerous reports in the literature have identified that there is room for improvement. Catheter malplacement involves the localization of the distal tip within an extraventricular space, or the progression of the tip through critical brain structures. Clinical studies have found misplacement rates to range from as low as 12.3% to as high as 60.1%, although we speculate that this large disparity in rates may be due to differences in the criteria used to define malplacement. 9-11 Extraventricular placement necessitates replacement, which not only causes additional damage to brain tissue but has been reported to result in increased complications and haemorrhaging. 12 Teaching institutions have a high proportion of drain placements performed by residents, likely inflating the rate of malplacement due to learning curve effects, an aspect that has not been thoroughly examined in the literature. There is also increasing clinical evidence indicating that anatomic variations affect outcome, but no work has examined creating models to predict risk based on anatomic measures. 10, 11, 13 Numerous ventriculostomy simulators have been proposed or implemented, but for the sake of brevity, we only examine three vastly different modern implementations: the ImmersiveTouch, 14 University of Florida's ventriculostomy simulator, 15 and the NeuroTouch. 16 The ImmersiveTouch is an augmented reality simulator that uses a haptic tool to interact with the overlaid virtual scene, allowing a user to guide a catheter into the ventricular system. The tool and internal anatomy can be rendered to provide feedback. The simulator has been shown to be accurate and to improve clinical performance through practice and feedback. 17, 18 A number of anatomically varying cases have been incorporated (normal, slit, and shifted ventricles) with initial data illustrating that such topological changes affect performance. 15 Yudkowsky et al. 18 examined a larger set of cases also illustrating the effect of patient-specific variation on targeting accuracy. The drawbacks of the platform are the cost, lack of physical presence, such as a mannequin, and lack of versatility in the targeting task. The first-generation ImmersiveTouch did not provide the capability of manually determining burr-hole location, but a recent version provides this capability. 19 In addition, there is no physical head for users to landmark, a feature desired by resident users of the system. 15 University of Florida's platform consists of a physical phantom to model tissue, along with a separate VR display to visualize the internal anatomy. Due to the physical nature of the simulator, inclusion of patient-specific cases is more challenging and less cost-effective than a strictly virtual system. Finally, the NeuroTouch is a haptic-enabled VR simulator that makes use of a full-sized mannequin head to simulate a number of neurosurgical procedures, including ventriculostomies. 20 The cost of the NeuroTouch is comparable with the cost of the ImmersiveTouch. Although the NeuroTouch supports burr-hole and trajectory selection tasks, it provides only a single case and does not yet allow for patient-specific cases.
We have extended the functionality of the NeuroTouch to allow for inclusion of patient-specific cases with enhanced case preparation and feedback.
Paramount to a simulator's utility is descriptive performance metrics. By default, the NeuroTouch's performance evaluation is based on comparison with a gold standard burr-hole location and trajectory for the single simulated scenario. The ImmersiveTouch offers the greatest depth of evaluation and has been used to examine catheter depth, location in the ventricular system, and distance from the foramen of Monro. 18 Although these measures are useful, they are not fully descriptive of the approach and may prove insufficient when examining unique approaches resulting from unique anatomic variation. A mixed-reality simulator established by Hooten et al. 15 examined numerous clinically functional measures, such as damage to eloquent structures, but used only distance from the foramen of Monro as the standard for tip localization. To date, there has not been a significant effort to expand the traditional repertoire of performance metrics in modern physical simulators.
In addition to providing a safe training environment, simulators allow us to test novel techniques and tools prior to clinical validation. Thus, augmented reality (AR) guidance systems are gaining traction within research and clinical settings. As early as 2002, an AR guidance system for needle biopsies (a task similar to ventriculostomies) was evaluated using phantom models.
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Although image-guidance systems exist for ventriculostomy procedures, they have not gained widespread acceptance by surgeons, presumably due to added setup time and complexity. 22 Previously, our group developed a mobile augmented reality image-guidance tool for use in ventriculostomies that runs on consumer hardware, requires minimal setup time, and does not impede the procedural workflow.
The system also has the potential to simulate tasks currently constrained to the ImmersiveTouch or NeuroTouch systems at a comparably minor cost. The technical aspects and a more thorough review of related AR technology can be found in Kramers et al. 23 In this paper, we present our module for a mixed-reality part-task simulation of burr-hole and catheter trajectory selection for EVD placement using patient-derived simulation scenarios. into consideration both speed and accuracy of the task, as well as the natural trade-off between the two measures. Although the simulated part tasks are not exclusively psychomotor, and hence not exclusively within the purview of Fitts's law, the framework provides a basis for analysing trade-offs in speed and accuracy. We derived extensions to these objective metrics that are gaining acceptance in the literature and applied them to characterize the user performance over a set of unique simulation scenarios derived from clinical imaging data.
Finally, we used the platform to evaluate a mobile AR image-guidance system targeting deployment in an intensive care unit setting. The guidance system overlays ventricle topology onto the surgical field, allowing for real-time targeting. The intent of the study was to examine the impact of AR guidance on task performance and additionally the influence of user experience and well-defined anatomic variations. These are all factors that influence the spatial reasoning processes inherent to this task. We expect experts to outperform novice subjects, although this effect may diminish with the use of novel guidance technology.
Methods
This section describes two aspects of our work: the technical development of the system and the design of user experiments, including relevant metrics and models.
System description
The technical requirements involved incorporation of patient-specific anatomy into a mixed-reality environment that simulates the clinical process of preoperative planning, selection of a burr-hole location, and catheter trajectory. As this was intended to be a training activity, the system was to provide immediate descriptive feedback to the user in the form of 3D renderings. A physical mannequin head was required for user landmarking as well as for use with image-guidance systems; it provides a common frame of reference for aligning scenes and allows clinicians to perform familiar landmarking approaches to guide their trajectory and burr-hole selection.
The simulator module focused on a sub-task of the overall ventriculostomy, in which the participant must localize a desired burr-hole location and indicate the trajectory to the lateral ventricles. This phase of the task isolates the initial spatial reasoning component of the trajectory estimation crucial for targeting the ventricles. This clinical phase of the task requires no exploratory tactile navigation through the brain, and so the haptic tool was used as an input manipulandum (not for force feedback at this stage). The burr-hole location estimation and angle-of-entry estimation are perceptual motor in nature. There are three components to each patient-derived case, which proceed in the following order:
(1) The user examines either segmented axial slices of the case prior to the task, or they use the AR guidance tool.
(2) The user uses the mechanically tracked pointing tool to indicate a burr-hole location as well as a trajectory into the ventricles on the mannequin head.
(3) The user is shown feedback on their approach through a rendering of their trajectory within the head.
All scenarios used were derived from volumetric magnetic resonance and CT imaging data. Primary features of interest were the lateral and third ventricles; these features were segmented using a combination of manual and semi-automatic techniques. Live-wire and region growing techniques were used to speed up the segmentation process, 26, 27 but the final contours were inspected manually. Although automatic segmentation algorithms exist, 28,29 they are not robust over strong anatomic variations, particularly within the third ventricle and with low-resolution clinical images. Rather than viewing the raw medical images, users are only shown the ventricular system within an outline of the mannequin head. Fig. 1 presents a view of the slice-based interface.
Our module is integrated into the NeuroTouch, a VR surgical simulator developed by the National Research Council of Canada, providing simulation modules for various neurosurgical procedures. 16, 30 Although the NeuroTouch contains a module for simulating burr-hole placement and trajectory selection, the simulator does not allow for incorporation of custom scenarios and feedback. To use the simulator's interface, we registered our custom scenarios to the coordinate system of the platform's mannequin. A neurosurgeon provided manual registration to align the virtual ventricles within the visual space of the mannequin head.
In addition to incorporating our custom scenarios, we integrated a mobile AR image-guidance system previously developed by our group. 23, 31 The system tracks the position of an image-based marker (a coloured cube with QR codes) mounted to the mannequin and overlays 3D renderings of the ventricles corresponding to the current scenario. The scenario is chosen manually on the device based on the experimental ordering. The system is portable, lightweight, low cost, and smoothly operable on consumer hardware. The tracking is implemented using the VuForia API with rendering performed using OpenGL. Although the marker is intended to rest on the nasion to allow for seamless registration, the mannequin head is visualized to facilitate manual alignment between the physical and virtual scenes if there is misalignment with the tracking system. Although there is potential for using the AR display as a low-cost training tool, our aim is to use the simulator platform to evaluate the use of the AR tool as a clinical aid through image guidance. In a previous study, the interface was demonstrated to improve user performance in generalized targeting tasks involving the alignment of the trajectory with the longest axis of ellipsoids. 32, 33 The current study extends evaluation of the platform into a specialized surgical domain requiring precise targeting of ventricles rather than ellipsoids. Fig. 2 depicts the NeuroTouch with the guidance system.
In order to provide users with meaningful feedback on their performance, we developed a feedback module, using the open-source 3D modelling and animation suite Blender. The module takes the user output from the NeuroTouch and renders the user's trajectory through a transparent rendering of the mannequin with the internal ventricles corresponding to the scenario. To illustrate the ideal target, the right anterior horn is highlighted in red. Performance metrics are not provided through the feedback module; only a visual illustration of the user's trajectory in relation to the target is shown. An example can be seen in Fig. 3 .
Experimental design
In total, 14 scenarios were created from 13 unique patients. The additional scenario was created from a case with Figure 1 . A screenshot of the slice-based user interface implemented using Slicer. Unlike conventional radiographs, the right side of the image corresponds to the right side of the head.
significant midline shift, which we modified by rotating it along the midline. To inform our initial arrangement of scenarios, an expert neurosurgeon classified each scenario into four distinct levels of difficulty based on the size of the ventricles, as well as on their shape and localization in space due to external mass effects, as sometimes seen in traumatic brain injury. The levels were simple (large ventricles seen in hydrocephalus), mild-moderate (enlarged ventricles, but smaller than the simple cases), moderate (ventricle of normal size with no deformation), and complex (ventricles of normal size, but with added deformation due to local mass effect). For each case, the total ventricular volume, Evan's ratio (a ratio of the maximal width of the anterior horns on an axial plane to the maximal width of the head, which has been used as a measure of the severity of hydrocephalus 34 ), ipsilateral frontal horn volume, and midline shift were measured to examine how these traits affect performance of the procedure. An illustration of Evan's ratio can be seen in Fig. 4 .
Experiments consisted of a progression of scenarios utilizing all patient-derived cases. The participants consisted of seven residents and one expert neurosurgeon and were categorized based on years of residency (PGY1-PGY6 in this study). The expert surgeon was placed in a distinct category. Ethical approval was obtained for the study, and participants provided written consent prior to enrolling in the experiment. An overview of subject experience and simulation scenarios is depicted in Fig. 5 .
As EVD procedures are commonly performed in residency, this is a reasonable measure of exposure to the procedure, and we therefore considered residency experience to coincide with procedure experience. Each user was tasked with performing all 14 scenarios without AR guidance in a set order, and each scenario with AR guidance after a brief practice period with the AR device. Because it could be argued that the user would experience a learning curve, we randomized the order of the different scenarios as well as whether the user would be using the AR first or last. All users were divided into two groups with either a simple to complex ordering or a pseudo-random ordering of cases, to account for any possible learning effects of the ordering. Users were further subdivided into performing the AR guidance component first or doing the tasks without AR guidance first (Fig. 6 ). In addition to recording the burr-hole location and trajectory of each task, the entire task was also timed from the beginning of the pre-task image exploration to the final selection of trajectory.
In order to evaluate user performance, suitable metrics must be used that relate performance on the simulator to the user's ability to perform the procedure clinically under similar conditions. A naive approach would involve selecting a single correct burr-hole and catheter tip location and scoring based on deviation from this trajectory. From a geometric perspective, there are a number of possible trajectories from the skull to the ventricles. Clinically and particularly when dealing with anatomic variations, there is generally no single path that can be identified as "correct" for a successful placement. Instead, there are many possible variations that would result in a functional placement without risking damage to eloquent tissue. Traditionally, through the didactics of training, Kocher's point is sought as a desired burr-hole location from which a trajectory can be estimated leading to the entrance of the ipsilateral foramen of Monro. 35 We were able to render this path (from Kocher's point to the ipsilateral foramen of Monro) and provide it as a reference when providing feedback to users, but deviation may still result in a perfectly scored (and clinically functional) placement. In their clinical evaluation, Kakarla et al. 11 used a 3-grade scoring system that took into account the general tip location, functionality of the drain, and damage to eloquent tissue. The difficulty with this scoring approach, however, is that it does not discern between different manners of successful and unsuccessful placements. For example, there is no difference between a trajectory that misses the ventricles by a small margin compared with one that is not at all close. Yudkowsky et al. 18 examined whether the tip was successfully placed in the ipsilateral ventricle and how far it was from the foramen of Monro. Abnormal anatomic variations, however, often necessitate catheter placements that do not target the foramen of Monro area. Hooten et al. 15 developed a compound score that factored time, distance to multiple attempts and passage through critical structures. It is the most expansive scoring metric we have encountered but relies on a number of seemingly arbitrary values summed to a final score.
Our approach uses a hybrid methodology, where trajectories are both scored by a blinded expert and measured against a number of geometric standards. Our accuracy measures are extended from previous work and derived from Muirhead et al. 36 Although Muirhead et al. used their measures to determine the optimal trajectories based on landmarking approaches, we adapted their work to evaluate user performance of free-hand trajectories chosen by users. The paper describes four measures of accuracy: engagement, relative sagittal angulation, relative coronal angulation, and error margin. Engagement is the length of the line segment that is created by the intersection of the surgical trajectory and the anterior ventricle horn, the partition of which is described by Lind et al. 37 The relative coronal and sagittal angulations are the angles between the trajectory and the coronal and sagittal components of the foramen of Monro. Finally, the error margin is the smallest angle the trajectory can be deviated for the midpoint of the intra-horn trajectory segment to no longer be contained in the anterior horn. This measure fails to account for the various ways the topology can vary; in some cases, the calculated midpoint can be placed outside the anterior horn and yet still be a more viable surgical route than a trajectory that produces a large error margin. We have adapted this measure to what we call the minimum distance to miss (MDM), which is the distance between the trajectory point to the edge of the shape produced by projecting the 3D anterior horn onto the observer's 2D view plane from the chosen burr-hole location. This helps relate the task to Fitts's model by examining the anterior horn as a target area and adapts the error margin into a measure that better differentiates between functional and non-functional drain placements. Fig. 7 illustrates the measures outlined. While these metrics provide a strong foundation to compare performance between users on similar cases, they fail to scale with ventricle size and topology in order to compare the performance of a single user among patient scenarios. Consider the engagement measure. A perfect trajectory on a case with a small anterior horn may result in an engagement measure that is in fact shorter than a near miss on a case with much larger anterior horns. This is illustrated in Fig. 8 .
In order to account for the relative size of scenario ventricles, we further adapted the engagement and MDM into the relative engagement and relative minimum distance to miss. Each of the original measures in these cases were simply scaled by the volume of the anterior horn, allowing for comparison between cases.
Expert ratings were based on a 7-point Likert scale referred to as the index of accuracy (IA), and ranged from 1 (a perfect trajectory) to 7 (a very poor trajectory). Expert ratings were considered to be the gold standard against which novel geometric measures were evaluated. Example ratings are illustrated in Fig. 9 . 
Results
Expert rating and performance The accuracy of each trajectory was scored by a blinded expert for both AR and non-AR tasks. Distributional differences between user metric variance (time and IA) was not seen applying a non-parametric Leven's test (P 4 0.15). To examine for the presence of user difference, a KruskalWallis test was run across users for time and IA. Differences between users were seen across each measure (P 5 0.001 and P 5 0.05). Using the resulting chi-squared values, effect size estimates were determined, suggesting that differences between users accounts for 57.35% of the variation in time and 6.46% of the variation in IA. Figure 10 reports the mean IA and time by subject without AR guidance. Interestingly, there is large task time variance among users but low intra-user variance among tasks. Time measured encompassed the overall visual inspection, tool positioning, and final angle selection (as opposed to just the selection task).
There was a strong inverse correlation between years of experience among residents and IA (r = 0.93 with 95% confidence interval [0.90-0.95]). As can be seen in Table 1 , the overall accuracy of all subjects was significantly better for simple cases (mean IA = 2.43 AE 1.27) than for complex cases (mean IA = 4.5 AE 1.67) based on expert classification (P 5 0.05 using a two tailed t test; neither group was found to deviate from normality using Kolmogorov-Smirnov test where each P 4 0.15). For performance of all non-AR-guided cases compared with anatomic measures, see Table 1 .
Overall, a significant difference was not seen to differentiate accuracy for AR-guided or non-guided targeting; however, users performed somewhat faster overall using AR guidance, although the difference did not reach significance. When analysing the individual AR results, the first five cases showed poor accuracy compared with later cases, although this was still not significant compared with the non-AR approach. Experience was not found to be predictive of performance using the AR system, as seen in Fig. 11 . Table 2 presents the performance results for AR guidance scenarios in relation to anatomic measures.
Geometric measures of accuracy
There was a significant difference in the engagement measures of all users between simple and complex cases (P 5 0.05 and U = 82 using a Mann-Whitney U test as samples were found to be non-normal using the KolmogorovSmirnov test with P 4 0.15). No significant findings resulted from examining the additional objective metrics in this phase. No trend was observed relating any geometric measure of accuracy with experience.
Anatomic variation
Weak correlations were seen between total ventricle volume and IA for AR and non-AR, as well as Evan's ratio and IA for both AR and non-AR targeting. Examining midline shift, the mean shift was 4.03 AE 5.73 mm. Only two cases exhibited midline shift outside the first standard deviation; Values are means AE standard deviation.
these constituted the cases classified as complex. When comparing the accuracy of targeting ventricles with midline shift outside 1SD with those within, accuracy was found to be non-normal for each group (Kolmogorov-Smirnov test P 5 0.01), but a significant difference in IA was seen for AR (P 5 0.05 and U = 421 using the Mann-Whitney U test) and non-AR (P 5 0.05 and U = 345 using the MannWhitney U test) targeting. The direction of midline shift was not seen to affect accuracy or performance.
Discussion
In this paper, we present a module to train residents to place EVDs in patient-specific scenarios implemented on a surgical simulation platform that is already deployed and in use at a number of teaching institutions. In addition, we integrated a previously developed AR image-guidance system to evaluate its efficacy in guiding EVD placement. Expert ratings were used as a gold standard for accuracy and a number of novel and adapted metrics were evaluated. We observed a correlation between surgical experience and task performance, providing evidence that measures used may discriminate between experience levels (a form of construct validity). A high correlation was seen between experience and IA, indicating that IA may be an appropriate measure to assess skill. Time itself was not predictive of experience. Indeed, although the subjects were instructed to consider the speed of their targeting, small individual differences teased out in this study are likely not of clinical focus or relevance; accuracy is surely given the full weighting of importance by users. An interesting trend to note is the high inter-subject variability of task time compared with the relatively low intra-subject variability (see Figs 9 and 10) . The likely explanation is that each subject has a preferred preparation and targeting approach that characterizes their response, although it is interesting to note that all subjects were trained at the same institution.
We observed better performance for simple cases compared with more challenging cases based on expert classification, which seemed to outperform simple anatomic measures such as ventricular volume and midline shift in determining the difficulty of a given case. This indicates that the expert is relying on additional cues when making judgments relating to the difficulty. This was evident when examining more difficult cases; these cases contain significant mass effects, leading to deformations that are not entirely captured by current metrics. The shortcoming of a global volume measurement, for example, is that it is not descriptive of ventricle topology. An ideal approach would not examine anatomic measures independently but strive towards a composite model. Further investigation is warranted.
A learning curve was seen with the use of AR guidance, which is expected when incorporating novel guidance techniques. 38 Following the initial learning curve, the AR system seemed to provide some benefit in terms of speed and accuracy, but we failed to find a significant difference compared with the non-AR approach. Because the effects of surgical experience diminished with the use of the AR approach, it is reasonable to conclude that AR guidance was more helpful for less experienced residents. Importantly and unlike in a clinical setting, we did not augment the procedure with the AR but replaced the Values are means AE standard deviation.
traditional preoperative planning of examining the patient's images. It may be that the combination of approaches allows for the greatest perspective, and therefore superior performance. Such an approach may also better facilitate learning with the AR tool, as it would pair the novel technique within a familiar context.
The geometric measures of accuracy presented in this study show promise (primarily the engagement) but fail to fully align with expert ratings and expert classification of case difficulty. As with anatomic measures, geometric metrics may be most effective when pieced together into a composite measure.
One limitation of this study is the small sample size, although this is often expected of surgical simulation research. We intend to continue recruiting more participants to improve the scope of the data to test additional hypotheses. We will continue to examine the relationship between experience and performance as well as the role of AR guidance in improving user performance. Although AR guidance did not augment performance as significantly as predicted, the study was limited in that subjects did not receive extensive training on the platform (especially important considering the learning curve), and the implementation is under constant development. We also hope to further examine various objective metrics of ventricular geometry that have an impact on performance. The safety of the simulation environment allows us to examine the intersecting effects of unique/rare anatomic variations and user surgical experience. By determining the role that these variables play in the difficulty of a case, we can make clinically relevant predictions regarding accuracy that could inform the preoperative planning process, ultimately improving patient outcome. Future work will involve investigations into predictive models that can be validated in the safety of the simulation environment.
As with all training approaches, the true test of a curriculum involves a rigorous application of the gold standards of evaluation. Additional research will examine the outcome of extended training in the environment, particularly concerning skill transfer into clinical settings. By providing diverse patient-derived scenarios, we are able to expose trainees to a wide range of possible cases prior to their clinical experiences.
Conclusion
This preliminary study indicates that the system presented has potential in training residents to find the ideal entry point and trajectory for the placement of an EVD on unique and varied cases. It is also a suitable platform to study the efficacy of new technologies (namely our AR system) in providing guidance for ventriculostomies and related neurosurgical procedures.
